Herein we identify a previously undescribed protein, HemQ, that is required for heme synthesis in Gram positive bacteria. We have characterized HemQ from Bacillus subtilis and a number of Actinobacteria. HemQ is a multimeric heme-binding protein.
Spectroscopic studies indicate that this heme is high spin ferric and is ligated by a conserved histidine with the sixth coordination site available for binding a small molecule. HemQ's presence along with the terminal two pathway enzymes, protoporphyrinogen oxidase (HemY) and ferrochelatase, is required to synthesize heme in vivo and in vitro. While the exact role played by HemQ remains to be characterized, to be fully functional in vitro it requires the presence of a bound heme. HemQ possesses minimal peroxidase activity but as a catalase has a turnover of over 10 4 min -1 . We propose that this activity may be required to eliminate hydrogen peroxide that is generated by each turnover of HemY. Given the essential nature of heme synthesis and the restricted distribution of HemQ, this protein is a potential antimicrobial target for pathogens such as Mycobacterium tuberculosis.
Heme is an essential compound for the vast majority of living organisms (1) . In microorganisms it is required for energy generation via respiratory chain cytochromes, xenobiotic metabolism by cytochrome P450s, fatty acid desaturation, oxidases, peroxidases, and redox (2) and gas sensing (3, 4) . More recently a clear role for heme as a regulatory ligand for a variety of transcription factors such as Bach1 and SREBP has been identified (5-7). In addition, exogeneously supplied heme serves as a significant source of iron for many organisms including pathogenic bacteria (8) . Biological heme synthesis is a process that occurs in most organisms that possess heme-containing proteins and, with the exception of only a few organisms, it is an essential biosynthetic pathway. Notable exceptions among eucaryotes are the helminthes (9) , the cattle tick Boophilus microplus (10) , and parasitic Trypanosomatids (11) , which appear to lack the pathway completely and acquire heme from their environment. Interestingly some eucaryotes that lack functional heme biosynthetic pathways maintain bacterial endosymbionts that supply their heme requirement (12) . A few procaryotic pathogens and strict anaerobes also lack the ability to synthesize heme (8) .
The heme biosynthetic pathway is evolutionarily ancient and the pathway intermediates are relatively well conserved. However, some differences in pathway enzymes are known to exist between organisms (13, 14) . In general three distinctions can be made: i) plants and most bacteria synthesize the first intermediate, 5-aminolevulinate (ALA), from glutamyl-tRNA while animals and a few bacteria utilize succinyl CoA and glycine as starting compounds, ii) anaerobic and facultative bacteria possess oxygen independent enzymes for two oxidative steps, coproporphyrinogen oxidase (CPO) and protoporphyrinogen oxidase (PPO) , that utilize molecular oxygen in aerobes, and iii) the terminal two enzymes, PPO and ferrochelatase, are membrane associated in all organisms except for Gram positive bacteria, where they are soluble.
In the metazoans all of the pathway enzymes are nuclear encoded, but the first, ALA synthase, and last three enzymes, CPO, PPO, and ferrochelatase, are located in the mitochondria with the remaining four being located in the cytoplasm (1, 13) . In eucaryotes it is now generally accepted that the terminal two enzymes are associated on the opposite sides of the inner mitochondrial membrane so that a transient transmembrane complex exists between PPO and ferrochelatase (15) (16) (17) . In Gram negative bacteria these proteins are also membraneassociated, but their spatial orientations have yet to be determined. It is not known if they are both located on the cytoplasmic side of the cytoplasmic membrane, or if they are organized in a fashion similar to what is found in eucaryotes. In Gram positive organisms these terminal enzymes are soluble and not membrane-associated (18, 19) .
In the current study we undertook to characterize the terminal enzymes of heme biosynthesis from Gram positive bacteria and see what ramifications, if any, result from these proteins being soluble rather than membrane associated. We examined the enzymes from the Actinobacteria, a group of high G+C content Gram positive bacteria, in particular because of this group's biomedical importance and because these organisms all have a ferrochelatase (HemH) that possesses a [2Fe-2S] cluster similar to animal ferrochelatases (19) . We have also examined the enzymes from Bacillus since the proteins of interest have been structurally characterized to varying degrees (20, 21) . By employing bioinformatic approaches we discovered a previously uncharacterized open reading frame that was found to encode a protein we named HemQ.
This protein was found to be essential for heme synthesis in vivo and in vitro. Herein we have expressed HemQ and biochemically characterized the protein.
Experimental Procedures
Cloning-Mycobacterium tuberculosis HemY and HemQ were PCRed from genomic DNA (gift of F. Quinn, University of Georgia) and cloned into the NheI/HindIII sites of pTrcHisA (Invitrogen). M. tuberculosis HemH was cloned as described previously (19) . Streptomyces coelicolor HemY, HemH, and HemQ were PCRed from genomic DNA (gift of J. Westpheling, University of Georgia) and cloned into the NheI/HindIII sites of pTrcHisA. The Propionibacterium acnes HemH/Q fusion was PCRed from genomic DNA (gift of A. Strittmatter, Georg-AugustUniversitat, Gottingen) and cloned into the NheI/HindIII sites of pTrcHisA. P. acnes HemY was PCRed from genomic DNA and was engineered to contain a carboxylterminal 6x-his tag and cloned into the NcoI/HindIII sites of pTrcHisA. Bacillus subtilis HemH and HemY were PCRed from genomic DNA (gift of the University of Georgia Department of Microbiology) and cloned into the NheI/HindIII sites of pTrcHisA. B. subtilis HemQ was PCRed from genomic DNA and cloned into the NheI/XhoI sites of pTrcHisA. All constructs were sequence-verified by the Georgia Genomics Facility. Site-directed mutants were generated using the Quikchange protocol (Stratagene).
Protein Expression and Purification-Protein production in E. coli and subsequent purification of the recombinant proteins were as described previously (19) . For production of hemeloaded HemQ, 1 mg of hemin (SigmaAldrich) per ml in DMSO was added to the ultracentrifuge supernatant before loading onto the HisPur (Pierce) metal chelate column. Fast protein liquid chromatography (FPLC) was carried out using an Aktaprime equipped with a Hi-prep Sephacryl S-300 column (GE Healthcare, Piscataway, NJ, USA) under low ionic strength buffer of 10 mM Na-MOPS pH 7.2.
Complementation Studies-The HemG-deficient E. coli strain SASX38 (22) was made competent for electroporation. Purified plasmid DNA (Roche) was electroporated into these cells in the combinations required. The HemHdeficient E. coli strain ∆vis (23,24) was made chemically competent (25) and transformed with plasmid DNAs. In all cases the transformations were plated on LB-ampicillin plates and incubated at 37˚C overnight. Resulting colonies were inoculated into LB-ampicillin broth, incubated overnight at 37˚C, and plasmid DNA reisolated to confirm the presence of the expected plasmids.
Enzymatic AssaysProtoporphyrinogen oxidase assays were done as previously described (26) with the addition of 5 mM EDTA to the reaction mixtures. Briefly, 100 nM of P. acnes HemY alone or with either 100 nM HemH/Q, or 100 nM HemH/Q preloaded with heme, was assayed and activity was monitored at 37 o C using a Synergy HTI plate reader (Biotek, Winooski, VT). The coupled assays of HemQ, HemH, and HemY were done by measuring the amount of heme that was produced in the presence of protoporphyrinogen IX and iron. Reaction mixtures consisted of 1 μM enzymes, 66 mM Tris HCl pH 8.0, 5 mM glutathione, 3.3% Tween 20, 100 μM 2-mercaptoethanol, 100 μM ferrous ammonium sulfate, and ~25 μM protoporphyrinogen IX. In some assays coproporphyrinogen III replaced protoporphyrinogen IX, and in one control, 25 μM protoporphyrin IX was added instead. Heme produced was quantitated as its pyridine hemochromagen (27) . Ferrochelatase was assayed by the continuous spectroscopic assay with either protoporphyrin or mesoporphyrin as substrate (28). Catalase activity was monitored by disappearance of hydrogen peroxide spectroscopically at 240 nm (29) , and peroxidase activity was monitored with pyrogallol as electron acceptor (30) . MALDI-TOF analysis was performed by the proteomics facility at the University of Georgia.
Spectroscopic MethodsSpectroscopic studies were carried out on HemQ samples in 50 mM Tris-MOPS buffer, pH 8.0, with 0.1 mM KCl and 1% sodium cholate and 20% (v/v) glycerol, unless otherwise indicated. UV-visible spectroscopy was performed using a Cary 1G spectrophotometer (Varian). X-band EPR spectra were recorded using a Bruker ESP-300E spectrometer equipped with an Oxford Instruments ESR-9 flow cryostat. Near-IR MCD measurements were carried out using an Oxford Instruments Spectromag 4000 split-coil superconducting magnet (0-7 T) mated to a Jasco J730 spectropolarimeter (700-2000 nm). Samples for low-temperature near-IR MCD studies were exchanged into the equivalent D 2 O buffer and contained 50% (v/v) d 3 -glycerol to enable an optical-quality glass to form on freezing.
RESULTS

Identification of HemQ as a required protein for heme synthesis-
The terminal two heme biosynthetic synthetic enzymes are PPO and ferrochelatase. In the facultative bacterium E. coli the PPO step occurs in an oxygen independent fashion that utilizes HemG, a menadione-dependent flavodoxin (31) . The E. coli ΔhemG mutant (originally named SASX38 (22)) grows poorly in culture since it is unable to synthesize heme and must, therefore, ferment growth substrates. This mutant, however, is functionally complemented to normal wild-type growth when supplied with a Gram negative bacterial HemY-type PPO or eucaryotic PPO, both of which are FAD-containing, membrane-associated, oxygen requiring enzymes that are structurally and functionally similar (32 To approach the second possibility we initially carried out an examination of available genomic data from select members of the Actinobacteria. This approach revealed that an open reading frame, which was annotated as a chlorite dismutase-like hypothetical protein, is routinely found adjacent to either the hemY or hemH (also named hemZ in the Actinobacteria) gene ( Fig. 1 and Table I ). In P. acnes this open reading frame is fused in frame with the reading frame for hemH. Given the genomic context of the gene for this hypothetical protein as well as the presence of the hemH fusion in P. acnes, it was reasonable to expect that this protein has some connection to heme synthesis in these organisms.
A Blast search of the genome database using the predicted amino acid sequence for this unknown open reading frame yielded genes for "chlorite dismutaselike" hypothetical proteins that are common among Gram positive bacteria, but not Gram negative bacteria or eucaryotes. These proteins form the cluster of the orthologous group COG3253. When representative members of this cluster are subjected to ClustalW analysis (33) it becomes clear that three groups exist within this cluster (Fig.  2) . These are 1.) proteins for which several group members have been shown to have chlorite dismutase activity, 2.) proteins that have no determined function, but are not chlorite dismutases, and 3.) proteins lacking any known function which are present only in the Actinobacteria.
As mentioned above, Actinobacterial hemY and hemH do not complement E. coli ΔhemG and ΔhemH, respectively. Expression of both HemY and HemH together also do not complement either mutant (Table II) . A role for the Actinobacteria COG3253 protein in heme synthesis in vivo was demonstrated when HemY, HemH and the COG3253 protein were all expressed simultaneously in either E. coli ΔhemG or ΔhemH. Under these conditions both E. coli ΔhemG and ΔhemH were complemented to wild-type growth. Expression of the Actinobacteria COG3253, which we now have named HemQ, alone or in combination with either hemY or hemH individually in either mutant strain did not result in complementation. P. acnes possesses a fused hemQ/hemH gene and expression of this fusion with hemY complemented both mutants. The hemQ/hemH fusion alone did not complement either E. coli ΔhemG or ΔhemH.
Given that the non-chlorite dismutase COG3253 proteins in other Gram positive bacteria are distinct enough from Actinobacterial HemQ to cluster apart from HemQ in ClustalW analysis and that the genes for these proteins were not found in association with heme biosynthesis proteins in Bacillus and Staphylococcus, it was not immediately obvious that HemQ existed in all heme synthesizing Gram positive organisms, and not just in the Actinobacteria. However, examination of all currently available Gram positive genome sequences with the Signature Tool in the SEED database (34) along with colocalization of genes and data from S. aureus microarray gene expression experiments (35) identified the COG3253 as a putative heme biosynthesis-related protein in all Gram positive organisms. To confirm this relationship B. subtilis COG3253 protein was expressed along with the B. subtilis hemY and hemH in E. coli ΔhemG and ΔhemH in the same fashion as described for the Actinobacteria hemY/Q/H experiments. The data obtained (Table II) were identical to those described above. In addition we tested mixed combinations of the B. subtilis and M. tuberculosis hemY/Q/H and found that HemQ was interchangeable in spite of the significant sequence difference.
Expression and isolation of HemQTo explore how HemQ may participate in heme synthesis, it was necessary to clone, express and purify HemY, HemH and HemQ from representative organisms. Previously we had expressed and characterized HemH from M. tuberculosis (19) and S. coelicolor (unpublished data). For the current study HemY from these organisms was cloned with an aminoterminal six histidine tag, expressed, purified, and characterized. It was found that HemY from these organisms is a soluble monomeric protein with a molecular weight of approximately 47,000 and a bound FAD. This is similar to HemY of B. subtilis (36) , but distinct from HemY of Gram negative bacteria and eucaryotic PPOs which are membrane-associated homodimers (37) .
Various cloned HemQs were engineered to have an amino-terminal six histidine tag to allow for purification by metal affinity chromatography as is done with HemY and HemH (19, 36) . The molecular weight of recombinant HemQ by SDS-PAGE gel electrophoresis (Fig. 3) and predicted amino acid sequence is approximately 26,000 daltons. Nondenaturing gel filtration of purified M. tuberculosis HemQ is consistent with a homo-multimeric protein (Fig. 3) , which is similar to other COG3253 proteins (38, 39) . Although the predicted molecular size of the multimer on gel exclusion chromatography corresponds to a globular, soluble protein of approximately 200,000 daltons, the fact that all COG3253 proteins for which a crystal structure exists clearly show that the homooligomer is donut-shaped with a large central hole is consistent with HemQ being a hexameric or pentameric molecule.
HemY and the HemQ/HemH fusion protein from P. acnes were also cloned, expressed, and characterized. By SDS-PAGE gel electrophoresis the fusion protein was of the expected size, although presumed proteolytic products the size of HemH and HemQ were also noted. The P. acnes protein was confirmed by MALDI-TOF as a fusion of HemH and HemQ (data not shown). HemY (36) and HemH (40) of B. subtilis have previously been expressed, purified, and characterized. HemQ from this organism was expressed and purified as described for all other HemQs.
The possibility that HemY, HemQ and HemH exist as a stable multimeric complex was examined in two ways. First, all three proteins were co-expressed in the E. coli ΔhemG strain, isolated by metal chelate chromatography and then subjected to gel filtration. Second, all three proteins were individually expressed and purified then mixed together before being subjected to gel filtration. In both instances the individual components eluted in separate fractions and not as a complex. Using apo-HemQ versus heme loaded HemQ gave identical results. While these data do not provide experimental support for the presence of a stable complex of the recombinant proteins, it does not rule out the existence of a transient complex, or the possibility that an in vivo stable complex is not stable to isolation with the purification protocol.
Characterization of heme binding by HemQ-As isolated, the recombinant HemQ has minor absorbance at 410 nm that is attributable to the presence of a small and variable amount of heme (Fig. 4) . Given that HemQ has significant sequence similarity to chlorite dismutase and contains all of the residues previously identified as being required for chlorite dismutase to possess a bound heme (38) , the possibility that HemQ also has a heme binding site was examined. When a solution of hemin was added to crude cell extracts of HemQexpressing E. coli prior to protein purification via metal chelate chromatography, the HemQ protein that was isolated was a bright red hemoprotein. The visible absorbance was typical of a noncovalently-bound heme b-containing protein (Fig. 4) .
It was possible to titrate the apoHemQ with heme (either ferro or ferriheme) and follow this spectroscopically (Fig. 5) . The data obtained do not yield a sharp transition point suggesting that HemQ binds heme poorly, is capable of binding more than one heme, or that the individual subunits in the multimeric structure do not have a uniform binding affinity. Direct titration followed by an increase in the Soret band proved problematic since the peak absorbance began shifting from that characteristic of the hemoprotein to that of free heme prior to the addition of stoichiometric amounts of heme. (Fig. 6 ) HemH from M. tuberculosis assayed in vitro with iron and mesoporphyrin had a specific activity of 1.1 min -1 . Addition of holo-or apo-HemQ had no impact on HemH activity. In vitro HemY plus HemH together had no detectable activity when protoporphyrinogen and ferrous iron were added as substrates. However, in the presence of HemY+ HemQ + HemH there was significant enzyme activity with protoporphyrinogen and ferrous iron as substrates (Fig. 7) . If the HemQ that was added to this last experiment was apo-HemQ overall activity was lower than what was found when heme-loaded HemQ was used. However, given that preparations of "apoHemQ" always have some small amount of bound heme and that any heme formed during the reaction could bind to any apoHemQ and convert it to the holohemoprotein, it is not possible at determine if apo-HemQ is functional in the overall reaction. No heme was formed if protoporphyrin, rather than protoporphyrinogen, was present with ferrous iron. Additionally if coproporphyrinogen, rather than protoporphyrinogen, and iron were supplied no heme was formed in vitro suggesting that HemQ either does not have coproporphyrinogen oxidase activity or that this activity requires the presence of some compound not present in the reaction mixture.
HemQ variants in which the conserved histidine (His156 in M. tuberculosis HemQ), a potential axial ligand for the heme iron based on the crystal structure of chlorite dismutase from Azospira oryzae (38) , is mutated to alanine possessed minimal activity (less than 10% of wild-type HemQ, data not shown) in the three protein system but did complement E. coli ∆hemG. However, it should be recognized E. coli requires only minimal amounts of heme to functionally complement the mutant, and that other studies have shown that human ferrochelatase variants that possess only a few percent of wild-type activity will readily complement E. coli ∆hemH. Mutation of this histidine to cysteine resulted in a protein that lacked detectable activity in vitro and did not complement E. coli ∆hemG.
Since other COG3253 proteins have been found to have low peroxidase activity, we also assayed holo-HemQ from both M. tuberculosis and B. subtilis for peroxidase activity with both pyrogallal and guaiacol as substrates with hydrogen peroxide. HoloHemQ has low peroxidase activity with specific activities of 380 and 350 min -1 with pyrogallal (B. subtilis and M. tuberculosis, respectively) and 10 min -1 with guaiacol for M. tuberculosis. These values are at least three orders of magnitude below those reported for typical peroxidases. These HemQs were also assayed for catalase activity and found to have turnovers of 1.4 x 10 4 and 1.7 x 10 4 min -1 for B. subtilis and M. tuberculosis, respectively.
Spectroscopic characterization of the heme center in HemQ-Recombinant forms of heme-reconstituted wild-type, H156C and H156A M. tuberculosis HemQ were initially purified in the presence of 250 mM imidazole which was used to elute the protein from the metal affinity column. The UV/visible absorption and EPR spectra after extensive dialysis to remove imidazole are shown in figures 8 and 9, respectively. Removal of the imidazole from wild-type HemQ shifts the heme Soret band from 414 nm to 403 nm and the αβ bands from 588 and 548 nm to a broad band centered near 510 nm (Fig. 4 and 8) . These spectral shifts are indicative of conversion from a sixcoordinate low-spin ferric heme to a fivecoordinate high-spin ferric heme, a conclusion that is confirmed by EPR studies (see below). The H156C and H156A variants both showed similar Soret band maxima to that of wild-type HemQ. However, the variant samples contain < 10% of the bound heme found in wild-type, indicating that these mutations dramatically reduce heme binding and suggesting that His156 is a heme axial ligand in HemQ. After removal of imidazole, EPR studies of wild-type, H156C and H156A HemQ demonstrate that all three contain high spin ferric heme centers as evidenced by resonances from the lowest M s = ±1/2 doublet of the S = 5/2 ground state (Fig. 9) figure 4 , and excess cyanide effects similar changes in the heme absorption bands with the Soret band shifting to 420 nm and the αβ bands to 585 and 545 nm, respectively (data not shown). In both cases, EPR studies demonstrate the loss of the high-spin ferric resonances and the appearance of S = 1/2 low spin ferric resonances (Fig. 10) . The imidazole-bound form of ferric HemQ has g-values of 2.84, 2.30 and 1.60 and is similar to that reported for the imidazolebound ferric form of chlorite dismutases (g ~ 2.96, 2.25, 1.51) (38, 43) . The cyanidebound form is a mixture of two low spin ferric species: a major component with g = 3.09, 2.22 and ~1.2 and a minor component with g = 2.93, 2.32 and ~1.4. Cyanide binds with much greater affinity than imidazole as the addition of a 25-fold excess of cyanide to samples containing a 250-fold excess of imidazole results in complete conversion to the cyanide-bound form.
The combination of EPR and near-IR MCD spectroscopy has proven a powerful methodology for the determining the axial ligands of low spin ferric hemes (44) .The energy of porphyrin(π)-to-ferric charge transfer bands that are best observed in the near-IR MCD spectrum at liquid helium temperatures and high magnetic fields serve a sensitive indicator of the nature of axial ligands, particularly when used in conjunction with the observed gvalue anisotropy in the S = 1/2 EPR signal. Figure 11 shows the near-IR MCD spectrum of imidazole-bound HemQ at 1.8 K with an applied field of 6 T. The spectrum is characteristic of a low-spin ferric heme and comprises two positive temperaturedependent MCD bands that arise from porphyrin (π)-to-ferric charge transfer transitions. The lower energy band is invariably narrower and more intense and provides a convenient marker of axial heme ligation. For imidazole-bound HemQ, this band is observed at 1564 nm, the range identified for a low-spin ferric heme with bis-imidazole ligation (1500-1660 nm) (44, 45) . Taken together with the EPRdetermined g-value anisotropy (g = 2.84, 2.30 and 1.60), which is also indicative of bis-imidazole ligation (44, 45) , the results indicate that the heme center in imidazolebound HemQ is axially coordinated by an indigenous histidine ligand and an exogenous imidazole ligand. As discussed above, mutagenesis results identify the indigenous histidine ligand as the rigorously conserved histidine, His156 in M. tuberculosis HemQ.
DISCUSSION
Since the pioneering work of Shemin (46) , the enzymes of heme synthesis have been studied to varying extents, and until recently it has long been assumed that all of the pathway enzymes have been identified. With the advent of genomic data for an increasing number of organisms it is now clear that some of the enzymes of the pathway are "missing" in some bacteria (47) . In particular the proteins catalyzing the antepenultimate and penultimate steps have yet to be identified for a variety of bacteria. Even so, for bacteria that possess all known heme biosynthetic enzymes, there was no reason to anticipate that additional essential proteins might exist. The current work demonstrates that for at least the Gram positive bacteria an additional protein, HemQ, is an essential component of heme synthesis in these organisms.
Gram positive bacteria differ from other organisms in that they possess monomeric, soluble protoporphyrinogen oxidases (HemY) and ferrochelatases (HemH) rather than homodimeric, membrane-associated enzymes. There has been considerable research on HemH of B. subtilis, including numerous structural studies (20, 48) . HemY from this organism has been studied with respect to its resistance to photosensitizing herbicides (36) , and there is a recent crystal structure of the protein (21) . However, there is little data on these enzymes in other Gram positive bacteria. In the current study we examined the terminal enzymes of heme biosynthesis in the Actinobacteria and B. subtilis. The Actinobacteria are a group of bacteria of particular interest since many of them are animal or plant pathogens. Early in our studies we noted that these proteins, when expressed in mutants of E. coli that lacked the ability to make either a functional protoporphyrinogen oxidase or ferrochelatase, did not complement the heme auxotrophy. This was unexpected since these mutant strains are effectively complemented by all other protoporphyrinogen oxidases or ferrochelatases, whether from animals or Gram negative bacteria.
During bioinformatic investigations of hemY and hemH in Mycobacterium , Propionibacterium, and Streptomyces species it was noted that the gene adjacent to either hemH or hemY was annotated as a "chlorite dismutase-like" hypothetical protein. Uber-operon analysis (49) for Mycobacterium and Propionibacterium reveals that this gene, which we name hemQ, exists along with all other identified heme synthesis genes in one of two uberoperons. In Mycobacterium it is in uber 55 with hemA, B, C, CysG(D), E and Y, with hemH (Z) located in uber 68. In Propionibacterium hemQ is a fusion with hemH in uber 59 along with hemA. The genes hem B, C, D, E, L and Y are in uber 58. This linkage strongly suggests that hemQ is involved in heme synthesis in the Actinobacteria.While hemQ is always found in the operons for heme synthetic pathway enzymes of the Actinobacteria, it is infrequently found in heme synthesis-related operons in other Gram positive organisms. Interestingly, and consistent with what has been found with other Gram positive organisms, there is no identifiable hemF (coproporphyrinogen oxidase) gene in these organisms.
While the structure of HemQ from an Actinobacteria is not yet available, the structure of two putative HemQs are presently available annotated as members of the COG3253 family: 1T0T (PDB accession number) of Geobacillus stearothermophilus and 1VDH (PDB accession number) of Thermus thermophilus (39) . Both are crystallographic homopentamers, but as isolated they do not contain heme and the available structures are of the apo-proteins. No biochemical data exist to allow for functional assignment of either protein. One bona fide chlorite dismutase from Azospira oryzae has been crystallized with heme bound and is well studied (38) . In the crystal form this enzyme is present as a hexamer although in solution it exists as a pentamer. The 1T0T and 1VDH proteins are pentameric and form a donut-like structure with a central hole and putative heme-binding pockets on the outer surface at one end of the structure. In chlorite dismutase the heme binding pocket is located in the same spatial region, but one helical segment that forms a lip to the pocket in the HemQ proteins is positioned over the heme in chlorite dismutase and encloses most of the outside of the pocket. Unfortunately the chlorite dismutase structure lacks density on the inside of the pocket so it is not possible to determine if the heme is exposed on the inside of the donut-like structure. In all structures the conserved histidine that is the heme iron ligand in chlorite dismutase is located in the same position.
HemQ as isolated has minimal bound heme, but readily binds exogenously supplied heme and iron-free protoporphyrin. Given that the heme-containing holo-HemQ stimulates HemY and is required along with HemY + HemH to catalyze the conversion of protoporphyrinogen and iron into heme, it is clear that HemQ functions as a hemoprotein and not simply as a carrier of protoporphyrin from HemY to HemH or as a heme chaperone to remove the heme from HemH. In addition, the level of catalase activity of HemQ, while lower than other characterized catalases, is clearly sufficient to eliminate the three molecules of hydrogen peroxide produced by HemY for each molecule of protoporphyrinogen oxidized. The spectroscopic and mutagenesis studies are also consistent with a specific enzymatic function as they indicate that the bound heme is high spin ferric and axially ligated by the rigorously conserved histidine ligand, His156 in M. tuberculosis HemQ, with the sixth coordination site available for binding small molecule substrates or ligands. However, HemQ would need to correspond to a new class of catalase/peroxidase enzymes as it does not have axial tyrosinate heme ligation which is the hallmark of classical catalases, and shows no significant sequence homology with classical peroxidases or the bacterial catalase/peroxidase enzymes found in pathogens such as M. tuberculosis, which also have axial histidine heme ligation. Moreover, since catalase added to the in vitro assay did not replace the requirement for HemQ (Fig. 7) , and the fact that the E. coli strains used in the current work possess both HPI and HPII hydroperoxidases/catalases (50), it is clear that functions for HemQ other than the observed catalase activity cannot be ruled out at present.
Given that all three proteins must be present in order to obtain measurable HemH activity and to synthesize heme, the possibility that these proteins exist in vivo as a complex must be considered. The finding of a fusion protein of HemQ/HemH in P. acnes adds support to this notion. In addition, in silico binding exercises (51, 52) of B. subtilis HemH with the predicted HemQ of G. stearothermophilus result in models of HemH bound to the heme-binding pocket of HemQ. Due to the lack of crystallographic structure surrounding the face of the active site for B. subtilis HemY (21), such exercises are not possible with HemQ plus HemY. Our present inability to isolate a complex may result from improper stoichiometries with the recombinant protein as produced in E. coli, weakness of proteinprotein interactions, or the possibility that the complex is dynamic and transient during catalysis as has been suggested to occur with mammalian ferrochelatase and protoporphyrinogen oxidase in situ. Clearly the determination of the putative complex binding constants and/or the structure of the HemY/HemQ/HemH complex will be necessary to answer this question and better understand the role HemQ plays in catalysis.
The identification of HemQ as an essential protein for heme synthesis in the firmacutes and Actinobacteria has significant implications. This protein is a member of the COG3253 family of proteins and no members of this family are found in eucaryotes, including man. Given that heme synthesis is essential for the viability of aerobic organisms and that HemQ is essential for heme synthesis in Gram positive bacteria, this protein/gene becomes a viable antibiotic target. With the international socioeconomic and public health impact of tuberculosis in particular and the limited arsenal of TB drugs, the availability of a target such as HemQ could have significant positive consequences.
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This work was supported by grants from the National Institutes of Health (DK032303 to HAD and GM62524 to MKJ). Fig. 1 . Genomic organization of the heme biosynthetic pathway genes in P. acnes (adapted from NCBI Entrez Gene). The entire heme biosynthetic pathway in this organism is organized into two uber operons (58 and 59). The numbers above the line denote the sequence position of this operon. The letters signify the hem gene names and correspond to hemA: glutamyl tRNA reductase, hemB: PBG synthase (ALA dehydratase), hemC: hydroxybilane synthase (PBG deaminase), hemD: uroporphyrinogen synthase, hemE: uroporphyrinogen decarboxylase, hemL: GSA aminotransferase, hemY: protoporphyrinogen oxidase, hemH-Q: ferrochelatase-hemQ fusion. When heme-loaded HemQ was employed in the assay the amount of heme (present in holo-HemQ) added was quantitated and accounted for less than 5% of total heme in assays with heme-forming activity. In one experiment (far right) HemQ was replaced with catalase and in one experiment protoporphyrin, rather than the porphyrinogen, was supplied. In neither of these instances was heme formation observed. Fig. 8 . UV/visible absorption spectra of heme-reconstituted wild-type (solid line), H156C (dotdashed line) and H156A (dashed line) M. tuberculosis HemQ after dialysis to remove imidazole. The spectra have been normalized to give the same absorbance at 280 nm. Fig. 9 . EPR spectra of heme-reconstituted wild-type, H156C and H156A M. tuberculosis HemQ after dialysis to remove imidazole. The EPR spectra were recorded at 10 K with 1mW microwave power using a microwave frequency of 9.60 GHz and a modulation amplitude of 0.65 mT. 
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